Chemicals such as derivatives of 5-nitrothiazoles (3), alkyl esters of p-hydroxybenzoic acid (2, 7), certain antioxidants (8) , aliphatic alcohols and spice extracts (5) , and aliphatic amines and long-chain aliphatic aminodiamides (6) have been evaluated for the inhibition of Clostridium botulinum growth. Robach and Pierson (7) reported that methyl and propyl esters of p-hydroxybenzoic acid at 1,200 and 200 ,ug/ml, respectively, inhibited the growth and toxin production of C. botulinum 10755A in a prereduced medium. In another study, Robach and Pierson (8) showed that the growth and toxin production of C. botulinum could be inhibited by using various concentrations of butylated hydroxyanisole (BHA), butylated hydroxytoluene (BHT), and propyl gallate. Other than in these studies, antioxidants have not been studied extensively for the inhibition of C. botulinum growth and toxin production. Since several antioxidants are used as food additives, it was thought that these and related phenolic compounds might be potential antibotulinal additives in food products such as cured meats. With this objective in view, we screened 75 compounds (antioxidants, phenol derivatives, etc.) for their ability to inhibit the growth and toxin production of C. botulinum strains in a prereduced medium.
MATERIALS AND METHODS Chemicals. Tables 1 to 3 list the chemicals selected for the study of the inhibition of C. botulinum growth and toxin production. All of the 75 compounds were purchased from Sigma Chemical Co., St. Louis, Mo., Aldrich Chemical Co., Milwaukee, Wis., and Pfaltz and Bauer, Inc., Stamford, Conn. The chemicals were used without further purification. Except for sodium benzoate (which was dissolved in sterile water), the chemicals were dissolved in 95% ethyl alcohol to a final concentration of 4.0 to 10.0% (wt/vol), filter sterilized (Millipore Corp., Bedford, Mass.; 0.22-,m filter), and stored in sterile glass screw-capped bottles at 4°C.
Growth media. The basal prereduced growth medium consisted of 1.0% Thiotone (BBL Microbiology Systems, Cockeysville, Md.), 1.0% yeast extract (BBL), 0.1% glucose, 0.05% cysteine hydrochloride, and 0.0001% resazurin (TYG medium). The TYG medium was prepared anaerobically by the methods of Holdeman et al. (4) . The prereduced TYG medium was adjusted to pH 7.0 3 7 tert-Butylhydroquinone
a Tubes containing TYG medium and inhibitor were inoculated with C. botulinum spores (2.5 x 102/ml) and incubated for up to 7 days at 37°C. b m-Hydroxybenzoic acid, p-hydroxybenzoic acid, gallic acid, pyrogallic acid, methyl gallate, ethoxyquin, atocopherol, syringic acid, benzyl alcohol, hydroquinone, methylhydroquinone, 2,5-ditert-butylhydroquinone, and 4-hydroxyquinoline at 1,000 ,ug/ml did not inhibit the growth and toxin production of C. botulinum for up to 1 day. c Number of days that growth and toxin production were inhibited.
of C. botulinum spores (33A, 36A, 62A, 77A, 10755A, 9B, 40B, 41B, 53B, and 67B). The spore crops were prepared according to the procedures described previously (L. A. Smoot and M. D. Pierson, J. Food Sci., in press). The spore inoculum was prepared by diluting the refrigerated mixed spore crop in a prereduced diluent of 0.1% peptone, 0.05% cysteine hydrochloride, and 0.0001% resazurin (pH 7.0) to a concentration of approximately 2.5 x 104 spores per ml. The spore suspension was heat shocked for 10 min at 80°C, and 0. 34 ,000 x g for 10 min at 4°C to remove cells and debris. The resulting supernatant liquid was divided into two parts. One part was boiled for 10 min to inactivate the toxin, and 0.5 ml of the boiled sample was injected intraperitoneally into each of two mice (ICR white male mice, 18 to 22 g). The unboiled supernatant fluid was injected intraperitoneally (0.5-ml portions) into each of three mice. Each chemical was tested for toxicity by intraperitoneal injection of 0.5 ml of uninoculated TYG broth containing the chemical.
RESULTS AND DISCUSSION
A total of 75 compounds, including antioxidants, preservatives, phenol derivatives, etc., were screened for the inhibition of C. botulinum growth and toxin production in prereduced TYG medium. The inhibition of C. botulinum by the compounds tested is documented in Tables 1 to  3 . Of the 75 compounds screened, 24, at a concentration of 1,000 ,ug/g of growth medium, did not inhibit the growth and toxin production of C. botulinum for up to 1 day (Tables 1 and 2 , footnote b). Seven compounds showed no C. botulinum inhibition at concentrations of up to 800 ,ug/ml, but did inhibit the growth and toxin production for up to 1 day at a concentration of 1,000 ,ug/ml. 
Conditions were as in Table 1 . b Resorcinol, catechol, benzoic acid, sodium benzoate, 2,4,6-tritert-butylphenol, m-methoxyphenol, omethoxyphenol, p-methoxyphenol, 2,6-dimethoxyphenol, m-aminophenol, and o-aminophenol at 1,000 ,ug/ml did not inhibit the growth and toxin production of C. botulinum for up to 1 day.
c Number of days that growth and toxin production were inhibited.
Of the classes of compounds tested, the most effective inhibitors were long-chain esters of gallic acid and p-hydroxybenzoic acid, antioxidants (Table 1) , and butylphenol derivatives ( Table 2 ). The antibotulinal activity was increased with an increase in the chain length of the ester for p-hydroxybenzoic acid (C1 to C4) and gallic acid (C1 to C12) esters (Table 1) . Similar conclusions were also made by Dymicky and Huhtanen (2) and Robach and Pierson (7) for the esters of p-hydroxybenzoic acid. The maximum antibotulinal activity was observed with long-chain esters, such as the butyl esters of phydroxybenzoic acid (C4) and dodecyl gallate (C12), at concentrations of 200 pLg/ml of prereduced medium. The short-chain esters (methyl and ethyl gallates and methyl ester of p-hydroxybenzoic acid) were not effective in inhibiting the growth and toxin production, even at high concentrations (800 to 1,000 ,ug/ml). Medium-chain esters (isobutyl gallate, isoamyl gallate, octyl gallate, and ethyl and propyl esters of p-hydroxybenzoic acid) were effective against the growth and toxin production only at higher concentrations (400 to 800 ,ug/ml). Octyl gallate and dodecyl gallate added to TYG medium at >400 and >200 ,ug/ml, respectively, inhibited the growth and toxin production for the entire incubation period, although they were not completely soluble in the prereduced medium. Compared with the findings of Dymicky and Huhtanen (2) and Robach and Pierson (7), we found slightly higher inhibitory levels for the entire incubation period (7 days) for the esters, except the butyl ester, of p-hydroxybenzoic acid. This could be due to the use of mixed A and B strains of C. botulinum in our study. Their observations were based on the growth of only one C. botulinum type A strain in each study.
Among the antioxidants tested, BHA, BHT, nordihydroguaiaretic acid, and tert-butylhydroquinone appeared to be very effective at lower concentrations (200 to 400 jig/ml) for the inhibition of C. botulinum growth and toxin production (Table 1) . Nordihydroguaiaretic acid at 100 jig/ml delayed the growth and toxin production for the entire incubation period (7 days). BHT appeared to be slightly more effective than BHA in inhibiting C. botulinum growth and toxin production. BHT botulinum growth but allowed toxin productiona Inhibition' at concn medium retarded C. botulinum growth and toxin production for up to 2 days, whereas BHA at the same concentration did not inhibit the growth and toxin production for 1 day. In contrast, Robach and Pierson (8) found that BHA was more effective than BHT when used against single strains (A or B). They obtained significantly lower inhibitory levels for BHT and BHA than we did. This variation could also be related to our use of mixed A and B spores of C. botulinum. The antioxidants propyl gallate and 2',4',5'-trihydrobutyrophenone markedly delayed the growth and toxin production at somewhat higher concentrations (800 to 1,000 jxg/ml) (Table 1) . Other antioxidants, such as a-tocopherol, methyl gallate, hydroquinone, methyl hydroquinone, and ethoxyquin, did not inhibit the growth and toxin production for up to 1 day, even at 1,000 ,ug/ml. These antioxidants appeared to have the least promise as possible inhibitors of C. botulinum. Some of the direct and indirect food additives (benzoic acid, sodium benzoate, dehydroacetic acid, o-hydroxybenzoic acid, and sodium pchlorobenzoate), aminophenols, methoxyphenols, and cresol (Table 2) showed little or no inhibition at 1,000 jig/ml. A difference in the inhibitory levels was observed for m-, o-, and pcresols. At 800 ,ugIml, o-cresol was more effective in the inhibition of the growth and toxin production than were the m-and p-cresols. At 1,000 ,ug/ml, m-, o-, and p-cresols delayed the growth and toxin production for 7, 6, and 5 days, respectively (Table 2) .
Thymol was an effective inhibitor of C. botulinum when added at 200 ,ug/ml (Table 2) . Among the phenols listed in Table 2 , isopropylphenols and butylphenol derivatives at low concentrations (c400 ,ug/ml) inhibited the growth and toxin production of C. botulinum for the entire incubation period. Of the butylphenol derivatives, seven compounds, namely, 2-tert-butylphenol, 3-tert-butylphenol, 4-tert-butylphenol, 2,4-ditert-butylphenol, 2,6-ditert-butylphenol, 2-tert-butyl-4-methylphenol, and 2-tert-butyl-6-methylphenol, delayed the growth and toxin production for the entire incubation period at a concentration of 400 ,ug/ml or lower. The position of the butyl group on the phenol ring significantly changed the inhibitory levels of butylphenol derivatives. For example, 2,4-ditert-butylphenol was more effective at 100 jig/ml than was 2,6-ditert-butylphenol at the same concentration. Most of the butylphenols are toxic to humans, and their harmful effects need to be studied further before they are considered for application in foods. The addition of 1,000 ,ug of phenol per ml of medium delayed growth for 1 day, and heavy growth was observed on day 2. Toxin was not detected in this sample when the sample was tested by the mouse bioassay. In contrast to this observation, growth was not detected by daily absorbance measurements during the entire 7-day incubation period in the inoculated medium that contained various concentrations (50, 100, 200, and 400 ,ug/ml) of 8-hydroxyquinoline, pentylphenol, tert-pentylphenol, 3,5-ditert-butylphenol, 3,5-ditertbutylcatechol, (2-hydroxydiphenyl)methane, and (4-hydroxydiphenyl)methane; however, toxin was detected by the mouse bioassay. We screened these chemicals twice at concentration levels of 50, 100, 200, and 400 jig/ml for growth and toxin production. The results of the second screening are presented in Table 3 . Samples were examined for toxin at 3 and 7 days of incubation. In the cases of 3,5-ditert-butylphenol and tert-pentylphenol (at 50 to 400 ,ug/g of medium), toxin was detected on day 3, even though no change in the absorbance was found. The addition of 8-hydroxyquinoline (at 50, 100, and 200 ,ug/ml), pentylphenol (at 400 ,xg/ml), 3,5-ditert-butylcatechol (at 200 and 400 ,g/ml), and the hydroxymethane derivatives (at 200 and 400 ,ug/ml) to the growth medium containing C. botulinum spores resulted in the production of toxin between days 3 and 7 of incubation. In all cases, no change in the absorbance at 600 nm was found when measured daily. This may be due in part to limited cell growth and subsequent cell lysis and release of the toxin into the medium. Costilow (1) suggested that it is possible for nonviable spores of C. botulinum to produce toxin in an appropriate medium. However, his research involved the use of a much higher level of spores than we used.
From the results presented in this paper, it is clear that several antioxidants, long-chain esters of p-hydroxybenzoic acid and gallic acid, and a number of butylphenol derivatives are effective in inhibiting C. botulinum growth and toxin production. These compounds may prove to be useful in direct or indirect food applications. We are currently investigating several of these compounds for their antibotulinal activity in a meat system. Also, certain pharmaceutical, sterilization, and disinfection applications may be derived from these chemicals.
